: Parameters used for LHC at injection Simulations show a persisting slow emittance growth for electron cloud densities below the threshold of the fast Transverse Mode Coupling type instability, which could prove important for proton beams with negligible radiation damping, such as in the LHC. We report on a variety of studies performed to quantify the contributions to the simulated emittance growth from numerical noise in the PIC module and from an artificial resonance excitation due to the finite number of kicks per turn applied for modeling the cloud-bunch interaction.
INTRODUCTION
Electron cloud can cause beam blow up and emittance growth in proton and positron machines. If the electron density is higher than a certain 'threshold' value, a strong head-tail instability manifests itself, characterized by a large increase of the emittance in a time interval comparable to the synchrotron period. This phenomenon has been explained by a mechanism similar to the Transverse Mode Coupling Instability (TMCI) due to conventional impedances [1, 2] . However, even below this 'TMCI' threshold, a long-term emittance growth has been seen in the simulations [3, 4, 5] . A series of studies investigated whether this slow beam size increase can be explained as a numerical artifact whether it represents true physics. That the electron cloud can induce emittance growth below the fast instability threshold is hinted at by observations of the vertical spot size as a function of beam current at the KEK-B factory [6] . In this paper, we first present the results of pertinent simulations, where we identify several numerical parameters affecting the growth rate (number of macroparticles, number of kicks per turn,...). Then we discuss a possible explanation of the slow emittance growth below threshold as one caused by resonance crossing and modulational diffusion, or even loss of beam stability.
SIMULATIONS TOOLS AND RESULTS
The parameters of the simulations presented in this paper, if not otherwise mentioned, refer to the LHC at injection energy, and they are summarized in Table 1 .
The code HEADTAIL [7] At every interaction point, the electron distribution is 'refreshed' and the electric field is computed anew, according to the actual positions of the macroparticles. In order to focus on the incoherent emittance growth and to speed up the simulations, we have introduced in the code the possibility to compute the potential created by the electrons only at the first interaction point and to use the same potential for the subsequent ones (weak-strong approximation). The electric field acting on the protons still depends on the longitudinal position of the particle, but the field stays the same for every turn and every interaction point. We call this new option the frozen-cloud or staticpotential approximation. However, the electron distribution still evolves during the passage of the bunch [8] Fig. 3 . 4 4 Other simulations demonstrate that the emittance growth rate does not depend on the initialization of the macroparticle position. In particular, the simulated growth rate is the same, whether the initial distribution of both protons and electrons is chosen axially symmetric or not. In addition, without synchrotron motion the simulated emittance growth quickly stops after a small initial blow up, which suggests an emittance-growth mechanism, described in the next section.
RESONANCE CROSSING, HALO AND CORE EMITTANCE GROWTH 24
A possible explanation to the slow term emittance 20 25 30 growth can be found in analogy to emittance-growth processes in space-charge dominated beam [10] . The detuning induced by the space charge (which is negative) or he number of interac-by the electron cloud (positive) depends on the longitudinal position of the proton in the bunch. Particularly, for the electron cloud, there is no effect at the head of the bunch, ce of the emittance while later on the electrons pinch towards the beam cenirticles. The weak de-ter, increasing the focusing. Therefore, protons performing finite particle number synchrotron motion will experience a different tune shift, importantly, in Fig. 1 as they move from the head to the tail of the bunch. The iges with the number main frequency of this modulation is the synchrotron freiteractions the growth quency, while in the case of space charge it is twice this ith only a single one. frequency. The periodic detuning may induce the periodic lonotonic with an in-crossing of resonances, which can be excited either by lat-[rated in Fig. 2 . This tice errors or by the non-linear component of the electron er of interactions per cloud itself. Also artificial resonances may be excited by ,th of the interactions, the finite number of kicks in our simulation model, but a ind the ring, but at the similar situation could arise in reality, if the electron cloud ve phase advance be-density varies along the ring or between beamline elements. This leads to excita- Figure 4 shows the horizontal invariant (action) of a sinnonotonic way [9, 5] 
here assuming that a longitudinal bunch edge at 3cr,. In the above formula ore is the rms size of the pinched electron cloud in the bunch, which is assumed to be Gaussian with (7e =7bunch// 2 and the constant K is the perveance generated by the electrons. Simulations using this toy model show that for this specific electron-cloud shape the emittance growth is mainly due to halo formation (Fig. 5) . On the other hand, simulations with the HEADTAIL code in the frozen potential approximation exhibit a blow up of the beam core (also Fig. 5 . This difference is attributed to the fact that the real cloud evolution is more complicated than that considered in the simple model: the electrons first pinch, producing a spiked and narrow distribution on the axis, which then relaxes and pinches again a second and third time during the passage of the bunch (see Fig. 6 ). The highly spiked distribution, combined with a finite number of kicks may even cause instability of the linear motion causing the core emittance growth.
CONCLUSIONS
The long-term emittance growth induced by an electron cloud below the 'TMCI' threshold appears to be real. Simulations suggest that it is caused by resonance crossing and modulational diffusion due to the combined effect of synchrotron motion and electron pinch. Predicting the exact growth rate requires understanding which resonances will be excited in the real machine. This can be determined by an accurate modelling of the lattice and the electron distribution [11] . 
